Using a cross-correlation method, we study the X-ray halo of Cyg X-3. Two components of dust distributions are needed to explain the time lags derived by the cross-correlation method. Assuming the distance as 1.7 kpc for Cyg OB2 association (a richest OB association in the local Galaxy) and another uniform dust distribution, we get a distance of 7.2 +0.3 −0.5 kpc (68% confidence level) for Cyg X-3. When using the distance estimation of Cyg OB2 as 1.38 or 1.82 kpc, the inferred distance for Cyg X-3 is 3.4
source. During the past quarter century, X-ray halos can be found in the data of Einstein, ROSAT, XMM-Newton, Chandra and Swift. Predehl & Schmitt (1995) analyzed the data of ROSAT and found a strong correlation between the visual extinction and the hydrogen column density of 25 point sources. Vaughan et al. (2004 Vaughan et al. ( , 2006 found ring structures in two gamma-ray burst (GRB) observations with XMM-Newton and Swift. Smith, Edgar & Shafer (2002) reported the halo of GX 13+1 between 50
′′ and 600 ′′ with the data of Advanced CCD Imaging Spectrometer (ACIS) onboard the Chandra X-ray Observatory. Yao et al. (2003) determined that the halo of Cyg X-1 is as close to the point source as 1 ′′ , using a reconstruction method with the data of Continuous Clocking Mode of ACIS. Xiang, Zhang & Yao (2005) reconstructed the halo's surface brightness of 17 bright sources and deduced the dust distribution along the line of sight (LOS) with the data from ACIS-S array.
The other way is to study the effect of delay and broadening of the light curve. Trümper & Schönfelder (1973) first proposed to use the delay and smearing property to determine the distances of the X-ray sources. Predehl et al. (2000) first used the delay property in determining the distance of Cyg X-3 with the data of ACIS. Hu, Zhang & Li (2004) developed a method of using the power density spectra to determine the distances of X-ray sources. Xiang, Lee & Nowak (2007) used the delay property to determine the distance of 4U 1624-490. Vaughan et al. (2004 Vaughan et al. ( , 2006 evaluated the distances of some dust molecular clouds by the delayed ring structures in two GRB observations with XMM-Newton and Swift. Thompson & Rothschild (2008) used the eclipse data determining the distance of Cen X-3 to be 5.7 ± 1.5 kpc. Ling et al. (2009) first used the cross-correlation method to study the light curves of the X-ray halo of Cyg X-1. They found obvious time lag peaks in the cross-correlation curves. All those peaks revealed a dust concentration at a distance of 1.76 kpc from us.
Actually, the first method uses the halo surface brightness distribution to study the dust distribution and dust model, whereas the second method studies the dust distribution and source distance. The goals from each type of study are usually different. Both techniques require careful point-spread function (PSF) subtraction during the analysis.
In this work, we re-analyze the data of Cyg X-3 with the cross-correlation method described in Section 2. We discuss the multiple scatterings in Section 4. After obtaining the cross-correlation curves from 15
′′ to 80 ′′ , we use two dust distributions to explain the time lags. Assuming the distance as 1.7 kpc for Cyg OB2 and another uniform dust distribution, we get a distance of 7.2 +0.3 −0.5 kpc (68% confidence level) for Cyg X-3 in Section 5. When using the distance estimation of Cyg OB2 as 1.38 or 1.82 kpc, the inferred distance for Cyg X-3 is 3.4 +0.2 −0.2 or 9.3 +0.6 −0.4 kpc respectively. We summarize our results in Section 6.
Method and Data preparation
The details of X-ray dust scattering can be found in Van de Hulst (1957) , Overbeck (1965) , Trümper & Schönfelder (1973) , and Smith & Dwek (1998) . Here, we just show some equations used in this work.
As shown in Figure 1 , an X-ray source is located at a distance of D. The dimensionless number x is the ratio of the distance of scattering and that of the source from us. So the lag time of scattered photons at x can be expressed as
Let I (t) denote the observed flux of the source at x = 0, the observed halo intensity at different observational angle φ is given by
where the scattering cross section
depends on the energy of the X-ray photon and the radius of the dust grain. ρ(x) is the density (in units of cm −3 ) of the dust grain at x . If I (t) equals to a delta function, equation 2 would evolve to be a response function of a delta function (we denote this function by R(φ, t) hereafter). This is the situation of a GRB, hence equation 2 would be an ideal observed light curve of a halo at a given observational angle φ. For the other situations, the light curve of the halo at angle φ equals to the convolution of I (t) and R(φ, t). This process can also be understood by Figure 1 . The light curve of the halo at observational angle φ is an integral effect of scattering from the dust near the observer to the source. From this process, the light curve of the halo would be lagged and smeared from the light curve of the source.
We can study the delay property directly with the cross-correlation method (Ling et al. 2009 ). The definition of cross-correlation coefficient is given by
here L s and L h are the light curves of the X-ray source and halo (at a given observational angle φ) in the same energy band. µ s and µ h are the average values of L s and L h respectively. 
Data extraction and Result
Three observational data sets, listed in table 1, are used in our analysis. The CIAO version 3.4 and CALDB version 3.4.1 are used to process the observational data. The main process in this study is similar to the way described in Ling et al. (2009) . Here, we just give a brief description. First, we divide the observational data into three energy bands: below 3 keV (band I), 3 keV-5 keV (band II), and above 5 keV (band III). Second, we get the light curve of the point source by the photons in the region of the streak. Third, the light curve of the halo at each bin (the bin width is 5 ′′ ) of observational angle is obtained from the photons of different annuli around the point source. All background contributions have been excluded for all the light curves above. After extracting all light curves, we make cross-correlation curves between the light curves of the halo and the light curve of the source in Figure 2 -4. The top curve in each panel is the autocorrelation of the light curve of the source; all other curves are the cross-correlation curves from 15 ′′ to about 90 ′′ with a step of 5 ′′ . For clarity, the cross-correlation coefficients have been lowered by a same amount successively for each curve. The auto-correlation curves have a peak because of the intrinsic variations of 4.8 hr of the source. The peaks of the cross-correlation curves of the halo below 50 ′′ lagged a little from the center; however the peaks of 60 ′′ and 65 ′′ advanced ahead of the center obviously. The relationship between the lag time and the observational angle of Cyg X-3 is quite different from that of Cyg X-1 (Ling et al. 2009 ), of which the lag times moved longer gradually with the increasing angles. Therefore, the lag times of Cyg X-3 cannot be explained by the scattering of a single dust wall, as suggested by the data of Cyg X-1. The moving effect is not clear in band III because of the low cross section of scattering for high energy photons. Because of its low count rate, the curves of ObsID1456 show peaks less clearly than the other two observations.
In Figure 2 -4, the cross-correlation curves are contaminated by the instrument because of the PSF effect. As described in Ling et al. (2009) , ChaRT and Marx are used to simulate the contaminated factor of the PSF. After obtaining those factors of contamination, we could get a cleaned cross-correlation curve. The cleaned cross-correlation curves are shown in Figure 5 -8. By fitting the peaks with a simple Gaussian function, we get the time lag at each angle. The dashed lines in each panel show the fitting result of a Gaussian function. Those four figures show the result of all of the data that have obvious lag in the crosscorrelation curves. We list the time lags obtained from the cross-correlation curves in Table  2 . The curves of ObsID1456 have no peaks at angles greater than 50 ′′ because of its lower count rate. The band I of this observation also has no peak (as can be seen in Figure 4 directly). From those figures, we find that the lag time of the cross-correlation method of band I are similar with the uncleaned cross-correlation curves of Figure 2 and 3. This also happened in the study of Cyg X-1 (Ling et al. 2009 ). The reason is that the PSF of the low energy band is narrower than the high energy band.
In the panel of 65
′′ in band II of ObsID425 ( Figure 6 , left side), there are two obvious peaks in the cleaned cross-correlation curves. The left peak with a time lag of about 10 ks and the right peak with a time lag of about −6 ks. The interval between those two peak is about 17 ks, which equals to the period of the light curve of source, i.e., 4.8 hr. This result confirms that the time lag derived by cross-correlation method is real but not noise. There are many other curves that show this property: from 50
′′ to 65 ′′ in band II of ObsID425 and ObsID426 show two peaks. The curve of band III is not clear because the low efficiency of the scattering. Consequently, this phenomenon confirms that the time lags of 50 ′′ -65 ′′ we derived from the cross-correlation curves are reliable. For the data of 80 ′′ and 85 ′′ , there is only one lag time from band I of ObsID425; thus we do not use those data for further analysis in the following section.
Multiple Scatterings
Before the analysis of the data of table 2, we estimate the influence of the multiple scatterings. Because of its high hydrogen column density, the multiple-scattered photons may contaminate the observed light curve of the halo. The details of multiple scatterings can be found in Mathis & Lee (1991) . The conclusion in their study was that the single scattering dominates at small angles (θ < 60 ′′ for τ sca = 2 at E = 1 keV).
A Monte Carlo simulation is conducted to estimate the effect of multiple scatterings. The parameters we used are τ sca = 2 at E = 1 keV and a = 0.1 µm. The simulated fractions of multiple-scattered photons to the total halo photons are shown in Figure 9 . The solid line shows the fraction of multiple-scattered photons for band I (below 3 keV). The dotted line shows the fraction of multiple-scattered photons for band II (3-5 keV). The dashed line shows the fraction of multiple-scattered photons for band III (above 5 keV). From Figure 9 , in band I the fraction of multiple-scattered photons is 8%, 13%, and 15% at observational 
angles of 30 ′′ , 60 ′′ , and 80 ′′ , respectively. Compared with the uncertainties for the lag times derived in table 2, the influence of multiple-scattered photons can be ignored in our analysis. Predehl et al. (2000) analyzed the data of Cyg X-3 previously. They compared the light curve of the halo within about 10 ′′ and the light curve of the point source. They found a lag of about 2 ks in the light curve directly. Assuming a uniform dust distribution, they got a distance of 9 +4 −2 kpc for Cyg X-3. In our study, three observations are used to determine the lag time up to 75 ′′ . Figure 10 shows the result of lag time at each observational angle. From our result, the time lags of 60 ′′ -75 ′′ show significant increase compared to the other time lags.
Analysis and Discussion

Uniform dust distribution
First, we try to fit the data with the same model described by Predehl et al. (2000) . A uniform dust distribution is used to produce an R(φ, t). By convoluting the R(φ, t) with an ideal sinusoidal wave, we get a simulated light curve of halo at observational angle φ. The dust model we used here is proposed by Mathis, Rumpl & Nordsiech 1977 (MRN hereafter) . We show the process and the result in Figure 11 . The top panel shows a sinusoidal wave, representing the light curve of the source. The middle panel shows three curves of R(φ, t) in logarithm scale. The solid line shows the R(φ, t) with the parameter of D = 2 kpc and φ =15
′′ , the dotted line shows the R(φ, t) of D = 10 kpc and φ = 15 ′′ , and the dashed line shows the R(φ, t) of D = 2 kpc and φ = 50
′′ . The bottom panel shows the result of convolution of the sinusoidal wave with these three different R(φ, t). These three curves are treated as the light curves of halo at different angles. The vertical axis of the bottom panel is normalized to unity for clarity. The three simulated light curves of the halo show different magnitude but have the same lag time. This result shows that if the distance of the source exceeds 2 kpc, the time lag between the light curve of the halo and that of the source will be a constant: around 3.5 ks (less than T /4 of the sinusoidal wave). This is also the situation for any angle larger than 15
′′ . The main reason is that the profile of R(φ, t) is much longer than the period of the sinusoidal wave.
Single dust wall model: Cyg Ob2 association
From the discussion of Cyg X-1 (Ling et al. 2009 ), we found that the dust distribution is quite nonuniform toward Cyg X-1: a dust concentration at a distance of 2.0 kpc × (0.876 ± 0.002) from the Earth is found. Thus, we try to find some dust cloud around the region of Cyg X-3 to explain the time lag of 65 ′′ and the greater than 65 ′′ .
A likely candidate for the dust concentration is the Cyg OB2 association. Cyg OB2 is one of the richest OB associations in the local Galaxy; it houses many of the hottest and most luminous stars known in our Galaxy. Cyg X-3 lies in the field of Cyg OB2 (Knödlseder 2003) . Hutchings (1981) Assuming the distance of Cyg X-3 to be 10 kpc, the time lag of 65 ′′ reveals that a dust concentration exists at a distance of about 2 kpc. This result is consistent with the distance of Cyg OB2. Then taking the distance of Cyg OB2 to be 1.7 kpc, we use a single dust wall model to fit the observed time lag. The result is shown in Figure 10 , in which the dashed line shows the shows a model assuming a dust wall 1.7 kpc from the Sun and a distance of 5 kpc to the source. The dotted line shows the same model with a distance of 10 kpc to the source. Those two curves cannot fit the observed lags.
Uniform distribution plus dust wall
Combining the results of Section 5.1 and 5.2, we propose to use two components to fit the observed time lags. We divide the observed time lags into two parts: below 60 ′′ and above 65
′′ . The first part mainly comes from the component of a uniform dust distribution and the second part is mostly due to a dust concentration of Cyg OB2 at the distance of around 1.7 kpc, reflecting that the small angle halo tends to explore the dust near the source (Mathis & Lee 1991) . The new two-components dust distribution model needs two parameters to fit the observed time lags. The first parameter is the distance D of the point source and the other parameter is the fraction of the dust concentrated in Cyg OB2. The solid line of Figure 10 shows the best-fitting result. From this result, we get a distance of 7.2 Alternatively, a new way is proposed to give a range for the distance of Cyg X-3. We define the response function of a uniform dust distribution with R u (t), and the response function of the dust wall with R w (t) for simplicity. Then, the light curve of the halo is given by
here ⊗ stands for convolution. Equation 4 can be decomposed to
Equation 5 can be understood as the light curve of the halo being the sum of the two components from the two dust distributions. We use H u (t) and H w (t) hereafter to identify those two components. As pointed out in Section 5.1, the H u (t) may cause a lag of about 3.5 ks (of course it must also have a period of T , the same as the L(t)). The time lag of the H w (t) depends on the distance of Cyg X-3, but obviously H w (t) has a period of T too. As a result, the phase of H(t) is related to these two components: H u (t) and H w (t). As shown in Figure 12 , the top panel represents the light curve of L(t) ⊗ R u (t), the middle panel represents the light curve of L(t) ⊗ R w (t). The left part of the middle panel has a lag of less than T /2 with respect to the top panel, and the right part has a lag of larger than T /2 with respect to the top panel. The bottom panel shows the sum of the above two panels. The arrows show the lag of the summed curves. The sum of those two components can cause two possible results: if Lag(H u (t)) = 3.5 ks < Lag(H w (t)) < 12 ks = Lag(H u (t)) + T /2,
then 3.5 ks < Lag(H(t)) < 12 ks, Lag(H(t)) < Lag(H w (t));
Alternatively if 12 ks < Lag(H w (t)) < 12 ks + T /2,
then 12 ks < Lag(H(t)) < 12 ks + T /2, Lag(H(t)) > Lag(H w (t)).
The first situation means that when the lag time of H w (t) is less than the time lag of H u (t) plus T /2, i.e., about 12 ks, the time lag of H(t) will be between 3.5 and 12 ks. The second case means that if the time lag of H w (t) is between 12 and 20.5 ks, the time lag of the summed curve will be greater than the time lag of H w (t). In other words, the second situation means that the observed time lag of the halo could be longer than the time lag caused by the dust wall.
Let us apply these results to the observed time lags of Figure 10 . The time lag at 65 ′′ is around 10 ks, less than 12 ks. Therefore, the time lag of H w (t) must be less than 12 ks, as we illustrated in Figure 13 . In Figure 13 , the solid line is the lag time at 60 ′′ , the dotted line is the lag time at 65 ′′ , the dashed line is the lag time at 70 ′′ , and the dashed dotted line is the lag time at 75 ′′ . With the constraint of 12 ks, the distance of the source must be greater than 4.5 and 6 kpc by the data of 60 ′′ and 65 ′′ . The maximum of the distance can be derived by the data of 70 ′′ , of which the time lag of the dust wall must exceed 20.5 ks; a distance upper limit of 10 kpc is derived at this angle. The time lag of 75 ′′ would give an upper limit of 15 kpc. Using all these result, we give a range of [6, 10] kpc for Cyg X-3. The best-fit result of 7.2 +0.3 −0.5 kpc is among this range obviously.
Halo surface brightness of Cyg X-3
After obtaining the ratio between the two dust components, we can predict a halo surface brightness distribution with a dust grain model. We find that the halo surface brightness distribution predicted by the MRN dust model and the two-components dust distribution cannot fit the observed halo surface brightness derived in Xiang, Zhang & Yao (2005) . In Figure 14 , the dotted line shows the predicted surface brightness of a uniform distribution, and the dashed line shows the predicted surface brightness caused by Cyg OB2. The total N H used here is 3.0×10 22 cm −2 (the N H derived by Predehl and Schmitt (1995) is 3.31×10 22 cm −2 ), and the fraction of the dust in Cygnus OB2 is 7%; clearly the dust wall has almost no influence on the halo surface brightness. The predicted halo surface brightness of source cannot fit the observed surface brightness of Cyg X-3 obviously. Similar discrepancy has been found in our previous work on Cyg X-1 (Ling et al. 2009 ). To fit the halo surface brightness of angles smaller than 10 ′′ , we add a new dust component between x = 0.99 and x = 1.0. The fitting result is shown by the solid line in Figure 14 . The column density N H of the uniform distribution, the dust wall and the dust near the source are 7.0 ± 0.3 ×10 21 cm −2 , 32.0 ± 1.7 ×10 21 cm −2 and 3.04 ± 0.06 ×10 21 cm −2 respectively. The total N H from the fitting is consistent with the result of Predehl and Schmitt (1995) . Our fitting shows that the ratio of N H in the dust wall to the N H of the uniform dust distribution is 4.6, conflicting significantly from our result of 0.075 derived with the cross-correlation method which is almost independent of the dust size distribution model. As a result, we conclude that the MRN dust model must be modified before it is used in the X-ray regime.
Independence of dust grain model
In Section 5.4, we have shown that the MRN model is not sufficient in modeling the halo surface brightness distribution along the LOS of Cyg X-3. However, in the analysis of Section 5.1, the MRN dust grain model was used to produce R u (t), the response function of a uniform dust distribution. Here, we address the question whether our result is dependent of the dust grain model. From equation 2, we can get R u (t) with different dust radii directly. Then, we could get a simulated H u (t) for any dust radius. After comparing the phase of the light curve of source and H u (t), we get the lag time in different dust radii. Figure 15 shows the lag time of H u (t) of 15 ′′ versus the distance of the source. The solid line represents the lag time of H u (t) with a dust radius of 0.005 µm, the dashed line represents the lag time of H u (t) with a dust radius of 0.05 µm, and the dotted line represents the lag time of H u (t) with a dust radius of 0.25 µm. The lag time approaches to 3.5 ks when the distance of the source exceeds 5 kpc for any dust radius. The range of grain radii used in the MRN model is [0.005, 0.25] µ m, and the range of grain radii used in the Weingartner & Drain (2001; WD01) model is also similar. Therefore, the different R u (t), with different dust grain radii, would produce a lag of 3.5 ks for H u (t). The conclusion is that the result of Section 5.1 is independent with the dust grain model. At the same time, we fit the lag time and with a single dust grain radius instead of the MRN dust grain model of Section 5.3. The best-fit result is 7.2 +0.2 −0.4 kpc for 0.25 µm, 6.1 +0.4 −0.2 kpc for 0.05 µm, and 6.5 +0.4 −0.2 kpc for 0.005 µm. The uncertainty from the dust model almost equals to the uncertainty of the statistical error of the distance of Section 4.3. By these results, we conclude that the distance of Cyg X-3 we derived in this work is independent of the dust grain model.
Summary and Discussion
We applied the cross-correlation method to the light curves of Cyg X-3 and found the time lag from the cross-correlation curves between the angles of 15 ′′ to about 90 ′′ . The time lags reveal that there are two components of dust distributions in the LOS toward Cyg X-3: a uniform distribution and a dust concentration. A likely candidate for the dust concentration is the Cyg OB2 association. Assuming the distance as 1.7 kpc for Cyg OB2 another uniform dust distribution, we obtain a distance of 7.2 +0.3 −0.5 kpc for Cyg X-3. Multiple scattering makes no influence for the distance estimation in our analysis. The systematic uncertainty may come from the uncertainty of the distance of the Cyg OB2. When using the distance estimation of Cyg OB2 as 1.38 or 1.82 kpc, the inferred distance for Cyg X-3 is 3.4 As discussed by Predehl et al. 2000 , the distance of Cyg X-3 has been a puzzle for a long time. Dickey (1983) has found a lower limit of 9.2 kpc using 21 cm wavelength absorption data. Predehl & Schmitt (1995) derived 8 kpc as the distance through the galactic dust layer from their comparison of X-ray scattering and absorption. A distance of 7.2 +0.3 −0.5 kpc is only about 3/4 to the previous result. For example, the estimation of velocity of the radio jet of Cyg X-3 decrease from 0.5c to 0.36c (Martí et al. 2001) . The new velocity is comparable with SS433, which has a radio jet velocity of 0.26c (Milgrom 1979) . From our discussion, at small observational angle (below 100) the cross-correlation method is only weakly dependent of the photon energy, dust grain radius, scattering cross-section, and so on. Therefore, the time lag derived by this method rests almost purely on geometry. For Cyg X-3, the distance estimation uncertainty is mainly related to the distance of the Cyg OB2 association, which may be improved in the future with high-precision astrometric measurements.
Consequently, our results can be used to determine the parameter of the dust grain models in the future, when combined with the spatial distribution of the X-ray dust scattering halo; currently no dust grain model can describe simultaneously the time lag and spatial distribution of X-ray dust scattering halo.
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Fig. 14.-Halo surface brightness of Cyg X-3. The dotted line shows the predicted surface brightness of a uniform distribution, and the dashed line shows the predicted surface brightness caused by Cyg OB2. The total N H used here is 3.0 × 10 22 cm −2 , and the fraction of the dust existing in Cyg OB2 is 7%, according to the result obtained with the cross-correlation method. The solid line shows the fitting result of a three-components dust distribution. The column density N H of the uniform distribution, the dust wall and the dust near the source (at x > 0.99) are 7.0 ± 0.3 ×10 21 cm −2 , 32.0 ± 1.7 ×10 21 cm −2 and 3.04 ± 0.06 ×10 21 cm −2 , respectively. The total N H from the fitting is consistent with the result of Predehl and Schmitt (1995) . ′′ vs. the distance of the source. The solid line shows the lag time of H u (t) with a dust radius of 0.005 µm, the dashed line shows the lag time of H u (t) with a dust radius of 0.05 µm, and the dotted line shows the lag time of H u (t) with a dust radius of 0.25 µm. The lag time approaches to 3.5 ks when the distance of the source exceeds 5 kpc for any dust radius.
